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CHAPTER -1 
nucleus 
orbits 
INTRODUCTION 
The study of nuclear reactions induced by heavy-ions has become a 
rich and growing area of nuclear physics, with future possibilities in basic and 
applied sciences. It provides opportunity to study exotic nuclei far from the 
stability line, having short-lives and small cross-sections. An important 
requirement for the experiments in this field is to be able to do measurements 
at very small angles including zero degree, since the heavy ion induced 
reaction products are kinematically concentrated in the forward direction. 
The term heavy ion is generally used to mean nuclei heavier than the 
helium nucleus. If we consider heavy ion as a projectile, the reaction is known 
as heavy ion induced reaction. Pictorial representation of heavy ion induced 
reaction is shown in Fig. 1.1. 
Heavy ion Target 
Nucleus 
a O 
Residual 
Nucleus 
+0+0 
Light 
Nucleus 
Light 
particles 
Fig. 1.1: Pictorial representation of heavy ion reaction 
For the nuclei with A>4 the internal structure becomes quite complex 
which makes it possible that a number of new reactions may occur. When the 
projectile fuses with the target nucleus forming a compound nucleus, one has 
to consider special features of the heavy ion reactions due to large angular 
momentum carried by the projectile. 
Nuclear interactions can take place only when the energy of two heavy 
ions in centre of mass system is high enough to overcome the Coulomb 
barrier. In such circumstances, the reaction treats semi classical features and 
in particular, it is appropriate to consider the ions moving in their classical 
orbits. The overall features (1) of the heavy ion (HI) interactions can be 
described by the Fig .1.2. 
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Fig. 1.2: Classical picture of heavy-ion interactions, showing the trajectories 
corresponding to distant, grazing and close collisions 
At energies below the Coulomb barrier, the ions do not touch each 
other and can interact only through the Coulomb field leading to Rutherford 
scattering/ Coulomb excitation. At higher energies the Ions interact through 
the nuclear potential and it then become more convenient to discuss the 
interaction in terms of impact parameter (RL). This becomes more applicable 
as the energy increases since the centrifugal potential then dominates the 
Coulomb potential. When the impact parameter is reduced still further the ions 
begin to interact very strongly, provided the incident energy is high enough to 
overcome the Coulomb potential. This happens quite sharply because the 
nuclear densities rise very rapidly in the surface region, and the interactions 
change from those in which a few nucleons are transferred from one ion to the 
other, with a little loss of the energy, called as strongly damped or deep 
inelastic collisions. For energies substantially above the Coulomb barrier, it is 
thus possible to distinguish four ranges of impact parameters with the 
o 
associated orbital angular momenta (L) leading to different types of reactions. 
Tiiese are summarized in table 1.1. 
Table: 1.1. Regions of impact parameter associated with different 
types of heavy ion interactions at high energies 
Impact 
Parameter 
/^/. > RN 
^N > ^/ , > ^ / j / r 
R,j!r > R,, > R,-
R, < R, 
Orbital Angular 
Momentum 
L>L^ 
Lfj > L> Lpjf 
^DIC > L> Lf: 
L < Lp 
Type of Interaction 
Rutherford Scattering; 
Coulomb Excitation 
Elastic and In-elastic 
scattering 
Few nucleon transfer 
reaction 
Deep In-elastic Collision 
Fusion 
The total cross-sections for these processes may be estimated with the 
limits of orbital angular momentum (1). A schematic division of the partial 
cross-sections with angular momentum is shown in Fig. 1.3. 
<7EL-+- CJr 
Fig.1.3: Decomposition of the total reaction cross-section into the cross-
sections for compound nucleus formation (QCN), for deep inelastic 
scattering (aoic) and for direct reactions (GQ) as a function of the orbital 
angular momentum. 
Heavy ion induced reactions with projectile energies close to the 
Coulomb barrier are dominated by compound nucleus and direct reactions. As 
the projectile energy increases compound nucleus formation is hindered and 
incomplete fusion (ICF) starts competing with the complete fusion (CF). In ICF 
reactions only a part of the projectile fuses with the target. A common feature 
of ICF reactions is the observation of light ejectiles at forward angles with 
approximately beam velocity. This type of ICF reactions are commonly 
observed in low Z projectile (2). These reactions were first observed By Britt 
and Quinton (3) and Gaiin et al., (4). Particle gamma coincidence studies by 
Inamura et al., (5) contributed a great deal to the understanding of the 
mechanism of ICF reactions. Such reactions are difficult to explain in terms of 
deep inelastic collisions as the mass flow is always from the projectile to the 
target. 
Several models are used to explain the ICF reactions namely break up 
fusion model (6), Sum rule model (7), Promptly emitted particles (PEP'S) (8), 
Exciton model (9) etc. In the sum rule model Wilczynski et al., (7), the ICF is 
viewed as arising from the peripheral collision in the range of angular 
momentum just above the critical angular momentum (!„) for complete fusion. 
Udagawa and Tamura (6) explained ICF in terms of the break up of the 
projectile followed by the fusion of one of the fragments with the target. 
According to PEP model (8) the particles are transferred from the projectile to 
the target nucleus and thereby, acquire extra velocity to escape. The exciton 
model assumes that the projectile nucleons creating particle hole excitations, 
which de-excite by emitting particles. All these models have been used to 
explain the experimental data obtained using projectile energies above 10 
MeV/nucleons. Some recent studies, however, showed the onset of ICF just 
above the Coulomb barrier (10-15). Parker et al., (10) observed fonward 
peaked alpha particles in reaction of 6 MeV/nucleon low Z heavy ions on ^V. 
Morgenstern et al., (11) observed ICF component in the velocity spectra of 
evaporation residues (ER's) in a reaction of '*°Ar with boron and carbon target. 
Tserruya et al., (12) found evidences for incomplete fusion from Time Of 
Flight (TOF) measurements of ER's in a reaction of 5.5-10 MeV/nucleon on 
^^ C with ^2°Sn, ^^ °Gd and ^^ ^Au. Ismail et al., (13) measured excitation 
functions and mean projectile recoil ranges of nuclei produced in the HI 
reactions using thick target thick recoil catcher technique to study incomplete 
fusion reactions. M. Cavinato et al., (14) measured excitation functions, recoil 
range distribution and angular distributions of several number of radioactive 
residues, providing evidence for the emission of pre-equilibrium (PE) nucleons 
during the thermalization of the composite nucleus and explain the process of 
PE emission by using the Boltzmann master equation theory. B.S. Tomer et 
al., (15) explain ICF reactions in the framework of break up fusion model and 
showed the entrance channel mass asymmetry dependence of ICF reactions 
in different exist channels. Parker et al., (16-18) explained complete and 
incomplete fusion reactions from the analysis of recoil range and evaporation 
particle spectra. Recently, B. Bindu Kumar et al., (19-21) in their experiments 
tried to confirm the predictions of break-up fusion model of the incomplete 
fusion reactions. 
A systematic study of energy dependence of fusion cross-sections is 
most essential to understand the reaction mechanism. At low energies, 
complete fusion characterized by full momentum transfer is a dominant part of 
the total reaction cross-sections. As the projectile energy increases (5-10 
MeV/nucleon and above), it turns out that the fused system does not consist 
of all the nucleons involved. There are particles which can be emitted from 
either very fast (much faster than those coming from an evaporation process) 
termed as ICF particles or possibly very slow if they are emitted from the 
evaporated compound nucleus. The fast particles having forward peaks, 
consist of nucleons as well as the clusters of nucleons, like an alpha particle. 
There has been a lot of interest in studying the reaction mechanism in 
the medium and high-energy regions, say, in the energy range up to 10 
MeV/nucleon or so. With this view in mind, the present work is undertaken to 
study the reaction mechanism i.e. complete and incomplete fusion (CF & ICF) 
along with the pre-equilibrium (PE) emission in the ^^0 + ^^ I^n system below 7 
MeV/nucleon. Pictorial representation of complete fusion (CF) and incomplete 
fusion (ICF) channels in the interaction of ^^0 + "^In system is shown in Figs. 
1.4-1.7. 
G 
Fig. 1.4: Pictorial representation of complete fusion of 0 + In 
a 
Fig. 1.5: Pictorial representation of ICF of ^"0 with "*ln 
7 
12/-
Fig. 1.6: Pictorial representation of ICF of ^"0 with ""In 
''Be 
Fig. 1.7: Pictorial representation of ICF of ^*0 with " I n 
u 
The experiment was done at the Inter-University Accelerator Centre 
(lUAC), New Delhi, India. The stacked foil activation technique was employed. 
The irradiation of the stack was carried out in the General Purpose Scattering 
Chamber (GPSC) having in vacuum transfer facility. The excitation functions 
were also evaluated theoretically using the Computer Code ALICE-91(22), 
which is based on compound and pre-compound (pre-equilibrium) models. 
Experimental details are given in Chapter II. Description of the measured 
excitation function is given in Chapter III. Comparison of measured excitation 
functions with the theoretical model calculations and conclusions are 
presented in Chapter IV. References are given at the end of every chapter. 
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EXPERIMENTAL DETAILS 
The experiment was carried out using 15 UD Peiietron Accelerator 
Facility at Inter-University Accelerator Centre (lUAC), New Delhi (India). 
2.1 Peiietron Accelerator 
The lUAC Peiietron is a 15 UD two stage heavy ion Tandem type 
electrostatic accelerator, capable of accelerating any ion from proton to 
uranium (except the inert gases) in the energy range from a few tens of MeV 
to a few hundred of MeV(1). The schematic diagram of 15 UD Peiietron 
accelerator is shown in Fig. 2.1. The accelerator is installed in a vertical 
geometry In stainless steel tank, which is 26.5 m high, and 5.5 m in diameter. 
I nl(;rch3ng(3at)lr; ^ . 
Ion Sources 
Ion acceiefatrncj tube 
Higtn Vo\Ui{ji: Termin.l 
Sulphur Hexii FliiortOe 
Pedei Chains 
lr!J(?i;li>t Deck 
Injt^fjtfj' Maqnet 
At:(:(^ler;Uu' Tank 
f:(;iji()f)',(M)iiHl Ring?. 
• ve Ion 
Analvse: Magnel 
t > 1o Swi ichmg Matif.ei 
Fig. 2.1: Schematic figure showing the principle of acceleration of ions in 
Peiietron 
In the middle of the tank there is a high voltage terminal, which can 
hold potential from 4 to 15 MV. The terminal is connected to the tank vertically 
with ceramic titanium accelerating tubes. The tank is filled with high dielectric 
constant SFe gas at 6-7 atmospheric pressure to insulate the high voltage 
terminal from the tank wall. A potential gradient is maintained through the 
accelerating tubes from the ground potential at the top to the terminal and 
from the terminal to the ground potential at the bottom of the tank. Negative 
ions of suitable energy from a source of negative ion by cesium sputtering 
(SNICS) ions sources are injected into the accelerator and are accelerated 
towards positive terminal . In the first stage of acceleration, the singly 
charged negative ions from the ion sources are accelerated from ground 
potential to high positive terminal potential V. The energy gained in this 
process is eV. The beam is then made to pass through a stripper foil where 
the ions are stripped off, thereby, making them positive ions. The average 
charge of the ions depends upon the type of ions and the terminal voltage. 
If qe is the charge on the positive ions after passing through the 
stripper foil, the energy gained by accelerating it from terminal to the ground 
potential is qeV. Thus, after passing through the two stages of the Pelletron 
accelerator, the energy in electron volt is given by 
E = (q+1)eV 2.1 
2.2 Target Preparation 
Spectroscopically pure with purity 99.99% indium targets (abundance 
^^ I^n = 4.3% and "^In = 95.7%) of thickness about 1 mg/cm^ were made by 
vacuum evaporation technique on aluminum backing of thickness about 2 
mg/cm^ at the Target Division of lUAC, New Delhi. The aluminum foils were 
cut into pieces of 1.5 x 1.5 cm^ and were fixed on the aluminum holders 
having concentric hole of about 1 cm diameter. The indium targets were then 
formed by heating the material via resistive heating method in the vacuum 
chamber and allowing the indium vapour to condense on the aluminum 
backing mounted on the aluminum holders. The thickness of the targets was 
measured by alpha transmission method. This method is based on the 
±o 
measurement of the energy lost by the alpha particle of energy 5.486 MeV 
from '^^ A^m source while passing through the target. The stopping power table 
of Northcliffe and Schilling (2) based on SRIM program was used to determine 
the thickness of the targets. 
2.3 Irradiation 
The stacked foil activation technique is usually employed for the study 
of charged particle reaction cross-sections (3). In this technique, a number of 
target foils are arranged to form a stack. Energy degrader foils can be used in 
between the target foils to obtain the desired projectile energies. In a single 
run, a number of target foils can be irradiated to different projectile energies. 
In the present investigation, the stack consisting of six targets was irradiated 
by ^^ O (charge state 7*) beam of energy about 105.0 MeV obtained from the 
Inter-University Accelerator Centre, New Delhi. The irradiation was done in 
General Purpose Scattering Chamber (GPSC). The diameter of this chamber 
is about 1.5 meter and having facility of in-vacuum transfer of targets, so that 
the targets may be placed in side it, without disturbing vacuum of the 
chamber. Targets were mounted on target ladder facing the beam and were 
then placed inside the scattering chamber. Two surface barrier detectors 
(SSB) were also kept at ± 10° from the beam direction to monitor the flux of 
the incident beam. The experimental setup is shown in Fig. 2.2. 
The incident flux was determined from the charge collected in the 
Faraday Cup as well as from the counts of two Rutherford monitors. The 
values thus obtained agree with each other within 5%. The beam current was 
about 8-10 nA. The irradiation was carried out for about 8.0 hours keeping in 
view the half-lives of interest. 
X'x 
O Beam 
Faraday's Cup 
Fig. 2.2: Pictorial representation of the experimental setup 
2.4 Calibration of Detector 
In order to identify the characteristic gamnna rays of evaporation 
residues in the complex gamma ray spectra, a detector of good resolution and 
proper calibration is required. In the present measurements, the energy 
calibration of 100 cc high purity (HPGe) detector of resolution (2 keV for 1.33 
MeV gamma ray of °^Co) was done using standard sources i.e. ^^Na, ^Mn, 
^^Co, ^°Co, ^^ ^Ba, ^^ C^s and ^^ ^Eu. The calibration curve was obtained by 
fitting the calibration data to straight line using a standard computer program. 
Gamma rays of our interest in the spectrum of activated samples were then 
picked up using this energy calibration. 
2.5 Detector Efficiency 
The detector efficiency is defined as the fraction of the gamma rays 
detected by the detector. This is determined by using standard gamma ray 
source spectrum. If C is the observed disintegration rate of gamma ray source 
±u 
at the time of observation and So is the absolute disintegration rate at the time 
of manufacturing of gamma ray source, t be the time lapsed between start of 
counting and the date of fabrication of standard gamma ray source, then the 
detector efficiency, e, for the gamma ray of absolute intensity 9 will be given 
by 
^_ Cexp(A/) 2 2 
where X is the decay constant of the radioactive nuclei and G is the geometry 
factor (given by G = Q.IA%, here Q. is the solid angle in steradians subtended 
by the detector surface facing the source). 
The probable errors in the determination of the geometry factor has 
been avoided by determining the relative detection efficiency as 
e G = ^ -^^^P^ 2.3 
So-0 
Experimentally, C was determined for each photopeak, keeping the 
* " E U source at the desired geometry. The value of So is taken from the data 
supplied by the manufacturer and the values of '0 and 'VA' are taken from 
reference (4). The geometry dependent efficiency was determined at different 
source detector distances. The prominent gamma rays of ' " £ u source, their 
intensities, area under the photopeak and the efficiency of the detector at the 
distance of 6.6 cm from the detector surface is given in Table 2.2. The values 
of e.G thus obtained were plotted as a function of energy using the program 
ORIGIN. A polynomial of degree 4 having the following form was found to give 
the best fit for these curves. 
e .G "= ao + aix + 02 y^ + as x^ +a4 x" 2.4 
where ao, ai ,32, as and 84 are coefficients having different values for different 
source detector distances and x is energy of the characteristic gamma ray. 
Typical geometry dependent efficiency curve of the 100 cc HPGe detector 
obtained at a distance of 6.6 cm from the detector surface is shown in Fig. 2.3. 
-LU 
Table 2.2: Data used for the determination of efficiency at a distance of 6.6 cm 
from the detector surface 
y-ray energy 
(KeV) 
Intensity 8 
{%) 
Area under 
photopeak 
Efficiency x 10' 
121.8 
244.7 
344.2 
411.1 
443.9 
778.9 
964.1 
1085.9 
1112.1 
1408.0 
28.4 
7.5 
26.6 
2.2 
3.1 
12.9 
14.5 
9.9 
13.6 
20.8 
223408 
32455 
86956 
5857 
7829 
19899 
18020 
12052 
15202 
18887 
8.8 
4.9 
3.7 
3.0 
2.8 
1.7 
1.4 
1.3 
1.2 
1.0 
o 
c 
Q) 
0.010 
0.008-
0.006 
0.004-
0.002-
0.000 
0 200 
1 ' 1 ' 1 • 1 • 1 ' r 
400 600 800 1000 1200 1400 1600 
Energy(KeV) 
Fig. 2.3: Geometry dependent efficiency curve obtained at a distance of 6.6 cm 
from the detector surface 
-L / 
2.6 Counting of the Induced Gamma Activity 
The important and major step of the experiment is the determination of 
the induced activity in the target foil. The most precise method for this 
measurement is the use of high-resolution gamma ray spectroscopy. A 100 cc 
HPGe detector (resolution of 2keV at 1.33 MeV of °^Co) coupled to PC based 
data acquisition system having software "FREEDOM" (5) was used to detect 
the characteristic gamma lines. A typical block diagram of the counting 
system is shown in Fig. 2.4. 
The foils were detached from the scattering chamber after irradiation 
and were kept one by one in the desired geometry near the detector for 
counting the gamma activities. A background spectrum was recorded to check 
the presence of any background peak coming due to the contamination of the 
detector surrounding. The dead time was kept less than 10% by adjusting the 
target detector separation in these measurements and proper account of the 
dead time was taken in the calculations. Several spectra were taken at 
suitable intervals to permit the identification of the half-lives of various residual 
nuclei. 
Target HPGe Detector Pre-amp 
I 
PC with MCA 
Fig. 2.4: A Typical block diagram of the counting system 
- L U 
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MEASUREMENTS 
For the system *^0 + "^/n, excitation functions (Efs) have been 
measured in the energy range about 66.0 to 105.0 MeV. The following 
expression was used for computing the experimentally measured reaction 
cross sections (1,2): 
where A is the counts under the photopeak of characteristic y-ray, A. is the 
decay constant of the product nucleus, No is the number of nuclei in the 
isotope under investigation, ^ is the incident particle flux, e .G is the geometry 
dependent efficiency of the HPGe detector, 9 is the absolute intensity of the 
characteristic y-rays, K is the self absorption correction factor for the y-ray in 
the sample, ti is the irradiation time, t2 is the time lapse between stopping the 
beam and the start of counting and t3 is the counting time. 
In the measurement, the experimental cross-section values for a given 
reaction was taken as the weighted average of these individual cross-
sections. The averaging of the data was done using the following method (3): 
If Xj ± Axt, X2± AX2, X3± AX3 are supposed to be the different 
measured values of the same quantity, then the weighted average X is given 
by 
- TWixi 
X = ^ ^ 3.2 
where Wi = and 
the internal error = [IWif" 3.3 
the external error = 
YWi\x-xi 
n{n-\)Y^Wi 
1/2 
3.4 
21 
Using equations (3.1) to (3.4), a computer program EXPSIGMA. FOR was 
made to calculate cross-sections at various energies. 
3.1 Experimental Results 
In the present investigation, various types of reactions included by *^0 
on ''^/n have been observed by detecting the characteristic gamma lines 
obtained from the decay of the residual nuclei. The reaction channels 
(residual nucleus unstable) for ^^ I^n, which are possible in the energy range 
considered, are listed In table 3.1. The other details viz. residual nucleus, Q 
value, half-life, gamma ray energies are also given in table 3.1. The Q values 
of different reactions have been taken from reference 4 and the other decay 
data from reference 5. Weak gamma rays as well as gamma rays having 
energies higher than 1.5 MeV are not taken into consideration. We have 
considered only those reactions, which gave appreciable activities for the 
meaningful studies. The contribution from ' " /n (4.3%) isotope will be seen in 
^^^Xe, ^^^Xe and ^^°l evaporation residues. These contributions are maximum 
at Ebeam ^ 80.0 MeV. In the present work, we rejected this data so that the 
contributions from the "^/n become negligible (6). A typical gamma ray 
spectrum obtained from 105.0 MeV *®0 beam energy is shown in figure 3.1. 
3,1.1 Excitation function for the reaction ^^^ln(0,p3n)^"Ba 
The Q-value for this reaction is -42.960 MeV. The residual nucleus 
^Ba is formed by the evaporation of 1 proton and 3 neutrons from the 
compound nucleus. The reaction has been studied by considering the 0.115 
MeV and 0.181 MeV gamma rays obtained from the decay of their residual 
nucleus. The measured values of cross-section for this reaction are presented 
in table 3.2. 
: ^ 
Table 3.1: Nuclear spectroscopic data used for the evaluation of cross-sections 
in ^ '^In target 
S.No. Reaction Half Life y-ray energy Absolute 
(T1/2) (MeV) y-lntensity 
_ e(%) 
T '''ln(0,p3n)'''Ba 12.74m 
^ln(0,p4n)^^^Ba 1.67 h 
^ln(0,2p2nf^^Cs 6.25 h 
4. '''ln(0, a2nr'Cs 45.0m 
h = hour, m = minute 
0.115 
0.181 
0.218 
0.241 
0.281 
0.328 
0.489 
0.682 
0.993 
1.234 
0.125 
0.287 
0.412 
0.462 
0.587 
0.112 
0.335 
0.413 
0.525 
0.330 
0.899 
0.445 
9.3 
12.4 
4.1 
6.0 
3.1 
2.1 
2.9 
4.4 
2.4 
2.0 
15.6 
3.4 
58.0 
4.2 
3.5 
8.6 
2.0 
5.3 
24.0 
8.6 
2.4 
10.8 
5. '^^ln(0,apn)'^^Xe+ 2.08 h 
^^^ln(0,ap3ny^^Xe 
6. '^^ln(0,ap3nf"Xe* 40.10m 
^''ln(0,ap5nf^Xe 
7. ^^^In(0,a2p3nf°"'h 53.40m 0.921 4.3 
^^%(0, a2p5nf^"'l 
a 
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Fig.3.1 (a): A typical gamma ray spectrum obtained at 105.0 MeV *®0 beam. 
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Table 3.2: Measured cross-section for the reaction^"ln(0,p3n)"^Ba 
Incident Projectile Energy 
(MeV) 
66.9 
75.8 
84.1 
91.9 
97.1 
Weighted Average cross-
section (mb) 
465.5±66.9 
1340.7±240.6 
1738.9±252.7 
732.5±101.0 
1373.9±219.0 
3.1.2 Excitation function for the reaction ^^^ln{0,p4n)^^^Ba 
The Q-value for this reaction is -51.178 iVleV. The residual nucleus 
^^^Ba is formed by the evaporation of 1 proton and 4 neutrons from the 
compound nucleus. The reaction has been studied by considering the major 
gamma rays 0.218, 0.241, 0.281, 0.328, 0.489, 0.682, 0.993 and 1.234 MeV 
at five incident energies. The reaction cross-sections obtained for this reaction 
at five different projectile energies are given in table 3.3. 
Table 3.3: Measured cross-section for the reaction ^^*ln(0,p4n)"^Ba 
Incident Projectile Energy 
(MeV) 
75.8 
84.1 
91.9 
97.1 
105.0 
Weighted Average cross-
section (mb) 
231.9+127.1 
325.5±47.7 
728.8±132.0 
913.3±50.2 
1781.6±148.4 
o 
3.1.3 Excitation function for the reaction ^^^ln(0,apXs 
The Q-value for this reaction is -38.754 MeV for 2p2n channel and -
10.458 MeV for the a-channel. The residual nucleus ^"Cs is formed either by 
the evaporation of 2 protons and 2 neutrons from the compound nucleus or by 
fusing a part of incident beam in the target nucleus and rest of the alpha 
particles traverse along the beam direction. Cross-sections for these reaction 
have been measured by considering 0.125, 0.287, 0.412, 0.462 and 0.587 
MeV gamma rays. The cross-sections obtained with different gamma rays are 
tabulated in table 3.4 
Table 3.4 Measured cross-section for the reaction ^"in (O, a)"^Cs 
Incident Projectile Energy Weighted Average cross-
(MeV) section (mb) 
66^9 J ~ 60.8±5.4 
75.8 ^ ^ * | 5 v S 5 ^ ^ . ^ ^ 572.4±54.3 
1570.5±75.4 
1619.3+10.7 
9 7 . 1 ^ , ^ ' ^ . ^.^-^ ^ 900.5±35.5 
105.0 535.1±18.4 
3.1.4 Excitation function for the reaction ^^^ln(0, a2n)^^^Cs 
The Q-value for this reaction is -57.049 MeV for 2p4n channel and 
-28.753 MeV for the aln channel .The residual nucleus ^^^Cs may be formed 
by the incomplete fusion either by the evaporation of 2 protons and 4 neutrons 
or by the evaporation of an alpha particle and 2 neutrons from the compound 
nucleus. The gamma rays of 0.335 MeV and 0.525 MeV obtained from the 
decay of ^^^Cs have been considered in the analysis of (0, a2n) reaction 
cross-sections. The cross-sections obtained using these gamma rays are 
given in table 3.5. 
2/ 
Table 3.5: Measured cross-section for the reaction^'ln (0,a2n)^ ^^Cs 
Incident Projectile Energy Weighted Average cross-
(MeV) section (mb) 
6^9 210.6±9.9 
75.8 163.5±10.9 
84.1 194.9+2.5 
91.9 111.2±1.9 
97.1 128.8+2.5 
105.0 1775.6±20.4 
3.1.5 Excitation function for the reaction ^^ l^n(0, ap3n)^ ^^ Xe 
The residue "^Xe is formed by the isotopes "^/n and ^"/n, via 
channels apn and ap3n, respectively. The Q-value for the reaction via ^^ I^n 
isotope for 3p3n channel is -54.532 MeV and for apn channel is -26.29 MeV. 
For the isotope ^^ I^n the corresponding Q-values for 3p5n and ap3n channels 
are -71.248 MeV and -42.952 MeV, respectively. The reaction has been 
studied by considering the 0.330 MeV and 0.899 MeV gamma rays. The 
cross-sections obtained using these values are tabulated in table 3.6. 
Table 3.6: Excitation function for the reaction ^^ l^n(0, ap3n) ^ "Xe 
Incident Projectile Energy 
(MeV) 
84.1 
91.9 
97.1 
105.0 
Weighted Average cross-
section (mb) 
234.9±19.9 
134.1 ±0.5 
425.2±23.2 
1100.1±89.7 
2o 
3.1.6 Excitation function for the reaction^^^ln (0,ap5n)^ Xe 
The contribution of both the isotopes of Indium ^ " ' ' ' " / n ; was seen in 
^^Ve. The residue ^^ X^e is formed either by 3p5n channel or by ap3n channel 
of isotope"^ln and/or by 3p7n channel or ap5n channel of "^In. The Q-value 
for the reaction is -73.394 MeV and -45.0.99 MeV for 3p5n and ap3n 
channels of ^^ I^n, respectively and/or -90.166 MeV for 3p7n channel and -
61.871 MeV for ap5n channel of isotope ^^ I^n. The cross-sections have been 
studied by considering the gamma ray of 0.445 MeV. Cross-sections obtained 
using gamma ray of 0.445 MeV are given in table 3.7. 
Table 3.7: Excitation function for the reaction "^In (O, ap5n)"^Xe 
Incident Projectile Energy Weighted Average cross-
(MeV) section (mb) 
66^ 9 330.6±6.0 
75.8 627.8±7.5 
84.1 400.9+6.1 
91.9 115.0±4.1 
97.1 110.2±3.9 
3.1.7 Excitation function for the reaction ^^^ln(0, 2a3n)^^°'"l 
The contribution of both the isotopes of Indium is also seen in the 
residue ^^°l. It is formed via 4p5n or 2an or a2p3n channels of ^^ I^n and/or by 
4p7n or 2a3n or a2p5n channels of ^^ I^n.The Q-values for the reaction are -
79.652 MeV, -51.428 MeV and -23.143 MeV for 4p5n, 2an and a2p3n, 
respectively for the isotope "^In and/or for ^^ I^n the corresponding values are 
-96.139MeV for 4p7n channel, -39.547MeV for 2an and -67.843 MeV for 
a 2p5n channels. This reaction was studied by considering the gamma ray of 
0.921 MeV. The cross-sections for this reaction are presented in table 3.8-
2i^ 
Table 3.8: Excitation function for the reaction "*ln(0, aaSn)^ "^*"! 
Incident Projectile Energy Weighted Average cross-
(MeV) section (mb) 
919 02.510.1 
97.1 20.7+9.3 
105.0 73.4±10.5 
3.2 Errors In the measurements 
The reliability and utility of the experimental data depends very much on 
the degree of error associated with the particular measurements. The errors 
involved in the measurement of cross-sections consist of statistical and 
systematic errors. The various sources of errors which occur in the present 
measurements are briefly discussed below along with the possible ways of its 
elimination: 
(i) The fluctuating behavior of electronic equipments may introduce some 
errors in the measurement. It can be minimize by stabilizing the 
equipments for few hours before the start of the experiment. 
(ii) The determination of detector efficiency may introduce some errors in 
the measurements. The error may be minimized by careful determination 
of the detector efficiency and drawing the efficiency curve by using a 
best polynomial fit using a standard computer program. The maximum 
uncertainty in the detector efficiency was estimated ± 4%. 
(iii) The non uniform thickness of the target may also introduce some errors 
in the measurements. This error was minimized by cutting the target foils 
to the standard sizes and accurately weighing them using a micro 
balance. The estimated maximum error due to this factor was about 
± 2%. 
(iv) Fluctuations in beam current may introduce some errors. This occurs 
due to a sudden stop of the beam or fluctuation in beam intensity. The 
fluctuations were brought to a minimum by adjusting the parameter in the 
Pelletron, particularly during a certain irradiation. 
(v) The inaccurate measurement of irradiation time, the time lapse between 
the stopping of irradiation and the starting of counting as well as the 
counting time may introduce some errors. An error upto ± 2% was 
estimated in our measurements. 
(vi) In determining the count-rate, the dead time of counting introduces an 
error. In all the cases the dead time was desirable to be <10%. This can 
be done by suitably adjusting the source and detector distance. 
(vii) In addition to all the above systematic errors there will be statistical error 
in counting rate. The error will vary from one to another, depending upon 
the activities produced in the target foils. The statistical error given in the 
results is larger one of the internal and external errors (3). In general 
these errors are less than 50%. 
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RESULTS AND DISCUSSION 
The excitation functions measured for ^^^ln(0,p3nf^^Ba, ^''^In 
(0,p4nf^Ba ,'''ln (0,a,f'^Cs, ^''in (0,a2ny"Cs, ^''in (O, ap3nf^^Xe, ^''in 
(O, ap5n)^^^Xe and ^^^In (O, 2a3nf^°l reactions are displayed in figures 4,1-
4.7 witli solid circles. The size of the circle includes the uncertainty in the 
beam energy, while vertical error bars show total error in the measured cross-
sections. 
4.1 Analysis of excitation function with the Code ALICE-91 
The analysis of presently measured excitation functions has been done 
using the computer code ALICE-91 (1). The code AUCE-91, which is a 
revision of the ALICE 85/300(2), ALICE/LIVER MORE-82 (3), ALICE (4) and 
overlaid ALICE (5) codes has been formulated for performing pre-compound 
(pre-equilibrium), compound {equilibrium)/statistical fission calculations in the 
general frame work of the Weisskopf-Ewing evaporation model (6), the Bohr-
Wheeler transition state model for fission (7,8) and hybrid/geometry 
dependent hybrid models for pre-equilibrium decay (9,10). In this code the 
possibility of incomplete fusion is not taken into account. This code is valid for 
excitation energy of the compound nucleus up to 300 MeV. 
In the equilibrium calculations, the evaporation of protons, neutrons, 
deuterons and alpha particles has been allowed for. The code may calculate 
the reaction cross-sections for the residual nuclei up to 11 mass and 9 atomic 
number units away from the compound nucleus. The Q-value for the 
formation of compound nucleus and the neutron, proton, alpha and deuteron 
binding energies for all nuclides of interest in the evaporation chain have been 
calculated using the Myers-Swiatecki/Lysekil mass formula (11). The pairing 
energy 5 is calculated from the back shifted model. In these calculations, 
pairing energy is zero for the even-even nuclides, -5 for odd-even and -25, for 
3^ 1 
odd-odd nuclides, respectively, with S = \l/^fA. The inverse reaction cross-
sections are calculated from the optical model subroutine, which uses the 
Becchetti and Greenless (12) optical parameters. The intra-nuclear transition 
rates are calculated using the Pauli corrected nucleon-nucleon (N-N) 
scattering cross-sections, and the adjustment of the mean free path intra 
nuclear transitions is done by keeping the so called mean free path multiplier 
(k) constant equal to 3.0. 
Level densities of residual nuclei play an important role in deciding the 
shapes and absolute value of the excitation functions (13). Level densities of 
the residue in code ALICE-91 may be calculated either from the Fermi gas 
model or from the constant temperature form. The Fermi gas model gives (2) 
p(U) = {U- S)-'" exp(2^a{U -8)) 4.^ 
where 5 is the pairing energy term and U is the excitation energy of the 
nucleus. The level density parameter a is taken as 4/K, A being the mass 
number of the nucleus and K, a constant, the values of which spread over a 
wide region and have been given in the literature (14,15). In our calculations, 
the value of K was taken 12. The level density p{U) in constant temperature 
form is given as (16) 
p{U)oc\^"'' ^.2 
The differential cross-section for emitting a particle at channel energy 
€ may be written as (cross-section per unit energy to emit a particle of type 
••KX'YP'1^\)T,{1S^A\)YJ'M Y,p{E,J)ID 4.3 
Jv /=0 /=0 ./=(/-!) d^ 
where A, denotes the reduced de-Broglie wave length of the incident ion, f/ is 
the transmission coefficient for the /(/, partial wave of the incident ion, p{E,J) is 
the spin dependent level density for the residual nucleus, D is the integral of 
the numerator over all particles and emission energies, G is the excitation 
i50 
energy of compound nucleus, 5',, is the intrinsic spin of the particle v, Tl (e) 
is the transmission coefficient for the particle, v, with kinetic energy e and 
orbital angular momentum I. 
In the Weisskopf-Ewing calculations, the nuclear moment of inertia is 
infinite and hence there is no energy tied to rotation, thus no level density cut 
off at high spin (17). This code does not take into account the angular 
momentum involved in heavy-ion reactions. However, the heavy ion imparts 
large angular momentum to the composite system having a finite moment of 
inertia and hence greater rotational energy. Due to rotation, a nucleus with a 
given angular momentum, J, can not have energy below a minimum value 
£™"«J(J + 1)— 4.4 
IJ 
The configuration of the initially excited number of particles and holes, 
also referred to as initial exciton number no, is the starting point in any particle 
induced nuclear reaction (18, 19). The intermediate states of the system are 
characterized by the excitation energy, £ and number np of the excited 
particles and n/, of excited holes. Particles and holes are defined relative to 
the ground state of the nucleus and are called excitons. The initial 
configuration of the compound system defined by the exciton number no = 
(np + nh), is an important parameter of pre-equilibrium formalism. In this work, 
a value of no - 16(8p + 8n + oh) was chosen. The value of no = 16 may be 
justified by assuming that the projectile *^0 breaks up in the nuclear field of 
the target nucleus creating 16 excitons. 
It may be pointed out that a set of K = 12, no = 16, COST = 3, gives 
satisfactory reproduction of the magnitude of experimental data for the 
reactions ^^^ln(0,p3n)^^^Ba and ^^^In (0,p4nf^^Ba (up to 90.0 MeV) as 
displayed in Figs 4.1-4.2 while chosen set of parameters do not reproduce the 
same for the reactions ^*% fQa)"^Cs, '^^/n (0,a2n)^^^Cs, ' " /n (0, 
ap3nf^^Xe, ^^^In (0, apSnf^^Xe and ^^^In (0, 2a3nf^°i as shown in Figs. 
4.3-4.7. 
6^ 
4.2 interpretation of Experimental results 
It is clear from the Fig. 4.1 that the experimental values of the 
excitation function for the reaction ^''^ln(^^0, p3n) ^ " Ba are much higher than 
the theoretical predictions, but the trend is almost same. The residue ^"Ba 
may also be populated by P"" emission and/or electron capture (EC) of higher 
charge pre-cursor isobar ^^ ^La populated via 4n-channel. The measured 
activity of the residue ^ '^'Ba may also have the contribution from the precursor 
decay. The contribution due to the pre-cursor decay could not be separated 
out due to the short half lives of precursor isobars. Thus, the observed 
enhancement in the Fig. 4.1 shows the cumulative cross-sections of ^ ^^Ba. 
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Fig. 4.1: Theoretical and experimental EF's for the In(0,p3n) Ba reaction 
For the reaction ''^^ln(''^0, p4n), the theoretical and experimental 
excitation functions are shown in figure 4.2. As can be seen from the figure. 
3V 
the experimental data is in good agreement with the theoretical predictions up 
to the energy range of 90.0 MeV, which indicates the population of above 
channel via complete fusion (CF). It may also be observed from the figure 4.2 
that the experimental data above 90.0 MeV is somewhat higher than that of 
the values predicted by the code ALICE-91. This may be due to the fact that 
some other reaction channels may be involved in the production of ^^ B^a 
residue. 
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Fig 4.2:Theoretical and experimental EFs for the ^ *^ln (0,p4n)^ ®^Ba reaction 
For reactions ^^ i^n(^^0,a), "^In(^^0,a2n) and ^^ i^n(^^0,ap3n), the 
theoretical predictions of code ALICE-91 give substantially small cross 
sections as compared to the measured cross sections shown in Figs. 4.3 -
4.5, respectively. This discrepancy of considerably higher experimentally 
6b 
measured cross sections as compared to the theoretical calculations may be 
explained in terms of the contribution coming from the ICF of the ^^ O ion. It 
may be assumed that ^^0 ion breaks up into ''^ C and ''He fragments under the 
nuclear field of the target nucleus and only one of the fragments fuses, i.e., 
^^ C CHe moves along the beam direction) with the target nucleus forming the 
excited composite system ^^ ^Cs*, leading to the formation of the residual 
nuclei ^ '^'Cs, ^^ ^Cs and ^^ ^Xe, respectively. Hov\/ever, theoretical calculations 
from ALICE-91, do not take this ICF process into account. Thus, the 
discrepancy in the experimentally measured excitation functions and the 
theoretically calculated counter parts may be attributed to the above-
mentioned ICF processes. 
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4U 
In case of the ^^ l^n(^ ^0, ap5n) and "^ln(0, 2a3n) reactions, theoretical 
prediction from ALICE-91 gives negligible cross sections while the measured 
cross sections are substantial as shown in Figs. 4.6 - 4.7. This discrepancy of 
much higher experimentally measured cross sections as compared to the 
theoretical calculations may again be explained in terms of the contributions 
coming from the incomplete fusion of ^^0. The higher cross sections in case 
of "^ln(^^0, ap5n) reaction may be explained assuming that ^^ C (if ^^ O breaks 
up into ^^ C and ''He fragments) fuses with the target nucleus and emits one 
proton and five neutrons. Similarly, the reaction ^^ l^n(^ ^0, 2a3n) may be 
explained assuming the break up of ^^ O into ^Be and two a-particies, where 
^Be fuses with the target nucleus emitting three neutrons. Since, theoretical 
calculations from ALICE-91 do not take the ICF process into account, it may 
be inferred that a significant part of the reaction in these cases goes through 
ICF. 
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4.3 Conclusions 
Excitation functions for seven reactions in the ^^0 + ^^ I^n system were 
measured. Theoretical calculations based on ALICE-91 code with a suitable 
choice of various parameters were made. From the present study, it may be 
concluded that complete and incomplete fusion processes play important 
roles in reactions induced by heavy ions. Further, in order to determine the 
relative contribution of CF and ICF channels, it is proposed to carry out the 
measurement of the recoil range and angular distribution of residues in the 
above system. 
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